The object of this report is to review the recent results and some perspectives on cold neutron interferometry using multilayer neutron mirrors developed in KUR. The purposes of our research are to develop new experimental techniques, new devices for controlling neutron spin states for opening up a new world of physics. A multilayer neutron polarizes working under a very low external magnetic field (low field magnetic mirror), Funahashi's interferometer, a cold neutron spin echo instrument, a multilayer neutron spill splitter and a cold neutron pulser were developed. The equivalency of the quantum precession induced by the effective gap layer of the multilayer neutron spin splitter and Larmor precession of neutron spin in a magnetic field is established. This idea allows us to develop a cold neutron phase-spin-echo interferometer (a neutron spin interferometer). The neutron spin interferometer and a cold neutron pulser enabled us to carry out the delayed choice experiment for answering the question "how the neutron wave propagates after being split by the semitransparent mirror (wave splitter)".
Introduction
A neutron is a fermion with a spin angular momentum of quantum number 1/2 and a magnetic moment, and thus interferes only with itself. The de Broglie wave property of the massive neutron could be extracted successfully in combination of cold neutrons with multilayer neutron mirrors. The ferromagnetic mirrors • allow us to control the neutron spin state by their magnetic potential and make various kinds of neutron optical devices for controlling spin states. An artificial multilayer neutron mirror enables us to make a composite mirror which consists of layers of different materials and thicknesses [1] . Multilayer magnetic mirrors working under a very low external field around zero gauss (low field magnetic mirror) are especially useful for cold neutron interferometry [2] [3] [4] . The motivation of developing a low field magnetic mirror was the necessity of the magnetic mirror with low electricity which could be used in liquid helium to polarize ultracold neutrons. A low field magnetic mirror placed in the pulsed magnetic field is called a (33)
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• multilayer cold neutron pulser or in abbreviation a cold neutron pulser [5, 6] . This device produces pulsed cold neutrons and works as a non-meclianical chopper.
A Jamin-type neutron interferometer consisting of a pair of two composite mirrors has been developed by Funahashi et al. [7] . The idea of the micro-neutron interferometer [8] was a helpful hint for this new interferometer. This interferometer in combination with low field magnetic mirrors opens up the road to development of various kinds of cold neutron interferometry [9] .
On the one hand the cold neutron spin echo instrument controlled by low magnetic field was also developed from a viewpoint of cold neutron interferometry to investigate the Larmor time during which neutron tunnels through the magnetic thin film [10] . On the other hand, the valid interpretation for neutron state polarized in the horizontal x-y plane was established experimentally [11] [12] [13] [14] [15] . The neutron state polarized in x-y plane is expressed as a superposition of the two eigenstates quantized along the vertical direction z (quantization axis). Precession of neutron spin in the x-y plane causes a relative phase shift between two eigenstates. Such a precession of neutron spin is called "quantum precession" [18] . From this thought, the multilayer spin splitter was born. It consists of a multilayer magnetic mirror, a gap layer, and a multilayer nonmagnetic mirror. The outer magnetic mirror reflects one spin eigenstate while the inner nonmagnetic mirror reflects the other eigenstate. The gap layer produces a path length difference between two eigenstates, that is, a relative phase shift between them. The relative phase shift corresponds to a quantum precession of the neutron spin.
The equivalency of the quantum precession with Larmor precession in a magnetic field is demonstrated [18] . Using the quantum precession phenomenon, the phase-spin-echo neutron interferometer is developed [18] .
• In 1978 Wheeler presented the delayed choice thought-experiment to verify Bohr's view concerning the propagating behavior of the photon (boson) after being split through a semi-reflecting mirror (wave splitter) [19] . In that experiment, it is required to establish the condition of whether the second semi-reflecting mirror (wave combiner) is introduced or not, at the point of intersection of the two partial waves, when the photon reached the wave combiner. The switching function of the cold neutron pulser could be used for that purpose. We have done the delayed choice experiment using the cold neutron spin interferometer of the Jamin-type arrangement which is installed at the JRR-3M cold neutron guide tube of Japan Atomic Energy Research Institute (JAERI) [20] .
This paper contains also comments on some current attempts to measure the longitudinal coherence length [21, 22] by staggering the flight-times between the two coherent partial waves corresponding to two spin eigenstates.
Low field magnetic mirror
The magnetic neutron devices for cold neutron optics are required to satisfy the following three conditions: (1) they should be as small as possible to set • compactly in a restricted space, (2) the stray fields from magnetic devices should be small enough not to give magnetic effects to nearby devices, (3) they should control the neutron spin states easily and precisely. Neutron refractive index n± in a material is given by where is the magnetic moment of the neutron, E -neutron energy in vacuum, p -the number density of a mirror material, bN -a coherent scattering length of the nuclei, B -a saturation induction of a ferromagnetic material. Figure 1 shows the potential of the permalloy (Fe(55%)Ni(45%)). If the magnetic field B is inhomogeneous, the force F exerts on the neutron This holds only in the case where the neutron's motion is so slow that magnetic moment maintains the same orientation with B (adiabatic condition). The condition for this is that the time dependence of the field is much less than the precession frequency of magnetic moment of neutron,
• If B/Әt = 0, the Hamiltonian of neutron does not explicitly depend on time and thus the total energy of the neutron is conserved, whatever the spatial distribution of the field along the neutron trajectory may be. The change of the potential energy induced by the spatial variation of a static magnetic field brings about an equivalent change of the kinetic energy of the neutron while its total energy to remain constant.
Permalloy/Ge multilayer neutron polarizes (PGM) was developed. This magnetic mirror works under a very low magnetic field around zero gauss [23] . It is fabricated by vacuum evaporation of materials onto a Si wafer in a magnetic field of about 100 gauss. The PGM consists of alternating parallel layers of permalloy and Ge. The refractive index of Ge for neutron is approximately equal to that of permalloy for neutron with spin aligned antiparallel to the magnetization of the permalloy layer. The bilayer consisting of permalloy layer and Ge layer functions as a single layer. The pulsed monochromatic beam can be generated if the magnetic induction orientation in a ferromagnetic layer can be changed by an external pulsing magnetic field as shown in Fig. 2 . We call "a low field magnetic mirror placed in the pulsed magnetic field" a cold neutron pulses. layer and air, respectively. The phase difference between the two partial waves induced through the first composite mirror (wave splitter) is compensated by the second one (wave combiner) because the two partial waves are superposed coherently upon each other at the second composite mirror. When we change the neutron incident angle O onto a first or second composite mirror by AO, the phase shift also changes. The change of the phase shift, AO, is given by the equation,
Funahashi's interferometer of Jamin-type arrangement
When Δθ is scanned from -(λ/2D)(λ/Δλ) to (λ/2D)(λ/Δλ), the interference fringes are observed with the periodicity of λ /2D as shown in Fig. 4 . 
Neutron spin-echo instrument as cold neutron spin-echo interferometer
When the interaction energy between the neutron magnetic moment and the applied magnetic fields is smaller than the kinetic energy of neutron, the motion of neutron and spin are treated independently. So the Larmor precession of the spin S = h/2 is described by the classical equation of motion where -y is the gyromagnetic ratio equal to μ/ISI. The solution of this equation in a time independent field B is well known as Larmor precession of which the Larmor precession angle is given by where ωL, = ϫB is the angular velocity.
In quantum mechanics the spin state of S = 1/2 is described as the coherent superposition of two eigenstates, say ↑ and ↓ . L e t u s c o n s i d e r a n e u t r o n p o l a r i z e d in the x-y plane perpendicular to the magnetic field (quantization) direction z.
The neutron state ISxy( ф )) and the expectation value of the x-component of the spin (S ),(0)) are expressed [11] [12] [13] as where is the phase difference between the two spin eigenstates, T and J. states. The validity of this description was demonstrated experimentally by Summhammer et al. using a silicon interferometer [14, 15] . expresses also the Larmor precession angle of the neutron spin. We call the spin precession expressed as the phase shift "quantum precession". Figure 5 shows the schematic structure of the spin-echo instrument. The neutron wave is split into two spin eigenstates by the polarizer and the first π/2-flipper. The phase shift between two spill eigenstates changes through the two precession coils. Interference fringes are observed as an expectation value of the neutron spin with respect to x-axis. (Sx ( φ)) is measured by the second π / 2 -f l i p p e r a n d a n a n a l y z e r . T h e r e f o r e , t h e s p i n -e c h o i n s t r u m e n t i s r e g a r d e d a s a sort of a neutron spin-echo interferometer. Our neutron spin-echo interferometer has the following features different from conventional spin-echo instrument: (1) the low field magnetic mirrors are used and the magnetic field applied to the system is . also low, (2) the rotational number of the neutron spin (Larmor precession number) is small, since the applied field is very low, and thus visibility is high, (3) these facts allow us easily to construct a neutron spin interferometer and to observe the various spin interferences between two spin eigenstates. Figure 6 shows the typical • interference pattern of a cold neutron spin-echo instrument. 
Multilayer neutron spin splitter
We consider a multilayer composite mirror consisting of a multilayer magnetic mirror with a high reflectivity (> 90%) for the +1/2 spin component of the neutron and with a sufficiently low reflectivity for the -1/2 spin component, a gap layer and a multilayer non-magnetic mirror with a high reflectivity (> 90%) for the neutron (the -1/2 spin component in this case). We call this a multilayer neutron spin splitter (MSS). When a neutron polarized in the (x, y) plane is incident on a MSS, the +1/2 spin component of the neutron is reflected by the outer magnetic mirror while the -1/2 spin component is reflected by the inner non-magnetic mir-
ror. An additional phase shift between the two spin eigenstates is produced by the effective gap thickness, D, which is taken to be equal to the thickness of the gap layer added to half the total thickness of the two multilayer mirrors [7] .
The phase shift originates in the difference of path lengths between the two partial waves with different spin eigenstates as already given by Eq. (3.1) .
Experimental demonstration of the equivalency of quantum precession and Larmor precession
The arrangement for the performance tests of the multilayer spin splitters is shown in Fig. 7 .
A multilayer spin splitter was set up on the goniometer in the magnetic field generated by PC2 coil so that the neutron incident angle can be scanned around the angle 0 which satisfies the phase-echo condition. The spin-echo profiles were measured varying current of PC1 coil at a fixed current of PC2 coil.
We demonstrate that the change ∆ φp of the quantum precession induced by an angular shift O0 (given by Eq. (3.3)) can be compensated by an identical . change ∆φ L of the Larmor precession in the PC1 magnetic field.
However, we cannot obtain, usually, a spin-echo profile with an observable contrast around the conventional spin-echo condition, because the phase difference 0 caused by a multilayer spin splitter entails a dispersion, 60, due to the wavelength distribution 6a and the divergence angle, 60, of the incident neutrons. The dispersion of the phase difference, 60, is evaluated, neglecting the dependence of n┴ (θ) on θ and λ, Fig. 7 . Arrangement for a performance test of a multilayer spin splitter. The spin splitter is set up on the goniometer in the second precession field (PC2). The spin-echo • profile is measured as a function of PC1 coil current under a fixed current of PC2.
As (D sin 0)/λ increases, the dispersion ó0 becomes larger and larger depending on δλ/λ and (cot 0)60, although the wavelength dispersion dominates. A large dispersion would average out the contrast of the spin-echo profile.
The dispersion of the phase difference bop which originates from the wavelength distribution 6A of the incident neutrons is compensated with an extra Larmor precession in the PC1 magnetic field and the contrast of the interference profiles is restored. This excess Larmor precession means the deviation from the normal spin-echo condition without a MSS due to the multilayer spin splitter.
Expressing the extra Larmor precession for a wavelength λ by φL, the dispersion of the phase shift 64p and that of the Larmor precession δφL are given by Eq. (6.2) and Eq. It should be noted that the dependences of the dispersions on δθ and on terms of higher order in δ λ/λ are neglected.
• 7. Results of the performance tests of a multilayer spin splitter Spin-echo profiles were taken as a function of the current of PC1 coil in the • case of which a multilayer spin splitter was mounted in the fixed magnetic field of . PC2. We observed how the contrast of spin-echo profiles depends on the current of PC1 coil. Figure 8 shows the spin-echo profiles as a function of PC1 current measured for the multilayer spin splitter p/G2/N which consists of two total reflection mirrors of permalloy-45 (P) and nickel (N) with layer thicknesses of 700 A, and a germanium (Ge) gap layer with a thickness of 2000 A.
The multilayer spin splitter is set up in the fixed magnetic field of PC2. The abscissa indicates the PC1 coil current and the ordinate the neutron counts. The currents of PC2 coil were at values of 1.8 amp and the neutron incident angle for P/G2/N is 1.17 degree, which is smaller than the critical total reflection angle of 1.20 degree.
When the current of the PC1 coil is equal to that of the PC2 coil, the conventional spin-echo condition is satisfied for the Larmor precession in the magnetic field. On the other hand, the multilayer spin splitter brings some large dispersion of the phase difference, as described by Eq. (6.1). We, therefore, cannot observe any good contrast of the spin-echo profile due to the large dispersion. However, the contrast is restored when the current of the PC1 coil is reduced to less than that of the PC2 coil, as given by Eq. (6.4). The measured recovery of the contrast is related to the echo phenomenon between the phase difference and the Larmor precession, as previously described by Eqs. (6.2), (6.3) and (6.4) .
This recovery of the contrast demonstrates that the quantum precession induced by the multilayer spin splitter is equivalent to the magnetic Larmor precession.
A phase-spin-echo interferometer (cold neutron spin interferometer)
Taking into account the equivalency of quantum precession by multilayer spin splitter and Larmor precession, a new type of cold neutron spin interferometer is considered. A pair of identical spin splitters, parallel to each other, are set up in a Jamin configuration, as shown in Fig. 9a , so the pair of multilayer • spin splitters satisfies the phase echo condition [7] and the spin-echo condition [17] simultaneously. The simultaneous occurrence of the two echo phenomena is illustrated in Fig. 9b . The first multilayer spin splitter causes an additional phase difference between the two spin eigenstates given by Eq. (3.1) . The π-flipper reverses the śpin states of the two coherent partial waves. The reversed subbeams are reflected and superposed by the second spin splitter. As a result, the path length difference caused by the first multilayer spin splitter is compensated by the identical path length difference of the second one. We call this geometrical compensation a phase echo. The neutron polarization status after the reflection by the second spin splitter is restored completely by the phase-echo and the spin-echo phenomena. For the spin-echo phenomena we require a π-flipper. This restoration occurs for all incident neutrons independent of their angular and wavelength dispersion. So we call this system a phase-spin-echo interferometer or a cold neutron spin interferometer. The measured spin-echo profile for the phase-spin-echo interferometer is shown in Fig. 10 . evaporating in series on the single Si wafer in a magnetic field of 130 gauss. The calculated reflectivity of the PGM of 5 bilayers is about 10% [8] . The outmost PGM . functions as a wave splitter for neutrons polarized in the direction parallel to the magnetic field (quantization axis) and the Ge gap layer plays the role of a phase shifter in the interferometer. The schematic experimental arrangement is shown in Fig. 11 . The pair of identical composite neutron mirrors (wave splitters) was set at positions about 44 cm apart. Polarized 12.6 A neutrons with FWHM bandwidth of 3.5% are incident on the first wave splitter and divided into two coherent partial waves. The flipping ratio of the polarized neutrons was about 14/1. The phase difference between the two partial waves induced through the first wave splitter is compensated by the second one (wave combiner) because the two partial waves are superposed coherently upon each other at the wave combiner. When the second mirror rotates by a small angle 60 on a vertical axis parallel to the mirror surface, the phase difference changes, and interference fringes are observed by varying SO. This is the Jamin-type interference fringe as mentioned already.
In the case of the delayed choice experiment, the wave combiner is set in the pulsed magnetic field of 20 gauss to make a condition of whether the PGM of the wave combiner is introduced or not after a neutron passed through the wave splitter. The cold neutron pulses of PGM functions as a neutron optical switch.
Two delayed-choice modes are established: (1) the PGM of the wave com-. biner is not placed when the neutron reached the wave splitter, and it is introduced after the neutron passed through the wave splitter, (2) the wave combiner was put when the neutron has reached the wave splitter, and it is removed after the neutron passed through the wave splitter. Whether the wave combiner is put or removed is decided after the neutron passed through the wave splitter. This is the meaning of "delaying choice". These modes were discriminated clearly by adjusting trigger pulse frequencies of the π-flipper and the current flowing into the pulsing coils, and the phase between them as shown in Fig. 12 . The trigger pulse frequencies of the π-flipper and the current flowing into the pulsing coil of the second mirror are the same, that is 234 Hz, of which half period corresponds to the neutron flight time from the π-flipper to the second mirror. In the first mode, the interference fringe was obtained and in the second mode the interference fringe disappeared as shown in Fig. 13 . Fig. 12 . The time evolution in the delayed choice experiment. In the case Oa), the rum of second mirror (CM2) is not placed when the neutron reached the first mirror (CM1), and it is introduced after the neutron passed through CM1. In the case (b), the PGM of CM2 was placed when the neutron has reached CM1, and it is removed after the neutron passed through CM1. These results show that whether the interference fringe is obtained or not depends only on the condition of whether the second wave splitter is introduced or not after the neutron passed through the first wave splitter. The delaying choice has no effect on the interference. From this result, we could deduce that the neutron wave propagates both ways with equal probability after being split by the first wave splitter and does not choose one of the two ways; as explained by the quantum mechanics. The direction of the magnetic induction of the PGM (quantization direction) is changed alternately applying the alternating high-frequency external field to the PGM (high-frequency cold neutron pulser), and thus the up and down spin components are reflected alternately from this pulsed magnetic mirror. By this method, we could generate the state consisting of two coherent spin eigenstates staggered in time. The longitudinal coherence length could be measured in combination of the high-frequency cold neutron pulser with the cold neutron spin-echo instrument as shown in Fig. 14 . Figure 15 shows an experimental arrangement for measuring the effects of an overlap of the different spin eigenstates deviated transversally and in time to the longitudinal coherence length, that is, the effects of the transversal coherence length to the longitudinal one, by changing the thickness of the gap layer. In this case, the phase difference between the two spin eigenstates, which is brought about by the geometrical path difference and their momentum difference due to Zeeman splitting, is compensated using a π -f l i p p e r . T h e t i m e r e s o l v i n g technique is established by accurate synchronization and timing between the first π/2-flipper and the high-frequency cold neutron pulser. From the reduction of contrast (visibility) of interference pattern, the longitudinal coherence length related to the time could be deduced. The high-frequency cold neutron pulser passing two coherent partial waves alternately in repetition time of 1 ps is now developing.
